Dietary interventions to manipulate the human gut microbiome for improved health have 2 1 received increasing attention. However, their design has been limited by a lack of 3 1
. In order to assess day-to-day variability within and 1 0 4 between participants under their habitual, variable diet, we first collected two consecutive 1 0 5 baseline stool samples, after which participants underwent a bowel cleanse using an over-1 0 6 the-counter osmotic laxative to remove remnants of their previous diet from their colon. 1 0 7
The following day, they began the standardized diet period: for the first three days, 1 0 8 participants consumed only a standardized liquid nutritional meal-replacement (Ensure 1 0 9
Original, Abbot Nutrition) that is routinely used in both inpatient and outpatient care, and 1 1 0 water. This was followed by three further days of liquid nutritional meal-replacement 1 1 1 and water plus their assigned spike-in (Fig. 1a ). The duration of three days for the initial 1 1 2 equilibration period was chosen based on previous observations of autocorrelation 1 1 3 dynamics in long-term time series of the gut microbiota in healthy humans, which found 1 1 4 that most autocorrelations decay within 3 days 13 . Participants were instructed to 1 1 5 consume liquid nutritional meal-replacement ad libitum to allow for differential caloric 1 1 6 requirements without compromising the relative composition of the standardized diet, 1 1 7 and requested to submit stool samples preserved in nucleic acid stabilization buffer upon 1 1 8 natural passage, with a maximum of one sample per day. Analysis of the average daily 1 1 9 caloric intakes on days 3 and 6 did not show significant differences in caloric intake in a 1 2 0 given arm. A post-intervention sample was taken on the first day of the resumption of 1 2 1 routine, normal diet, as well as a follow-up sample one week later, to assess the 1 2 2 the same participant on adjacent days in which the diet was identical (days 5 and 6). To 3 0 6 our surprise, we found that there was no discernible increase in day-to-day similarity on a 3 0 7 completely identical diet, irrespective of whether participants were given prebiotic spike-3 0 8 ins (Fig. 4a ). These data suggest that short-term dietary fluctuations on daily timescales 3 0 9 contribute in an only very limited manner to the day-to-day variability observed in a 3 1 0 participant's fecal microbiota, and that other variables, including fluctuations in host 3 1 1 lifestyle, physiology, immunology, and perhaps even experimental noise are more 3 1 2 important factors.
1 3
We found that a participant's sample could reliably be classified as pre-or post-3 1 4 nutritional meal-replacement. Two Random Forest Classifiers (RFCs) were constructed 3 1 5 to classify samples as either baseline or post1 (the first day after Ensure), and baseline or 3 1 6 post2 (one week after resuming a normal diet), respectively. In the first classifier, we 3 1 7
obtained an AUC of 0.93 (p<10 -7 ), while in the second, we obtained an AUC of 0.90 3 1 8 (p<10 -5 ) (Fig. S3 ). These data indicate that there remain effects of the fixed diet on the 3 1 9 overall microbiota even one week after resuming a normal diet (Table S2 ). The top 10 3 2 0 features of the baseline/post1 RFC included three of the four OTUs assigned to 3 2 1
Lachnospiraceae incertae sedis that appeared in Fig. 1c . Digging deeper, we found that 3 2 2 these OTUs were indeed depleted on nutritional meal-replacement, while the remaining 3 2 3 OTU replaces them, resulting in a constant combined relative abundance through time 3 2 4 ( Fig. 4b) . These dynamics suggest a switch in occupancy of relative organisms in a 3 2 5 particular niche in response to the dietary perturbation. When designing our study, we hypothesized that by introducing a constant diet 3 2 9 background, we would improve our ability to detect microbial responders to particular 3 3 0 prebiotic spike-ins. Indeed, we were able to detect reproducible microbial responses to 3 3 1 both inulin and pectin across participants in relatively small numbers for each arm (<10) 3 3 2 after filtering for early withdrawals or insufficient sampling. These responses were 3 3 3 consistent across participants, including at the level of strains in the case of B. uniformis, 3 3 4 indicating a strong predictability of the effects of prebiotic supplementation on the 3 3 5 microbiota. Interestingly, we did not observe significant blooms of Bifidobacterium in 3 3 6 response to inulin, which have previously been documented in the literature 10, 11, 17, 37 .
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While we cannot conclusively explain this discrepancy, it is worth noting that many such 3 3 8 studies are culture-based, emphasizing the need for further study and verification of these 3 3 9 phenomena using modern sequencing technologies directly applied to stool. It is also 3 4 0 worth noting that the three Bifidobacterium OTUs present in the dataset were only 3 4 1 present in a subset of the participants in the inulin arm, which necessarily reduced our 3 4 2 statistical power to detect responses thereof. In the case of at least one such non-culture- 
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Moreover, in contrast to the predictability of inulin-and pectin-specific responses, certain 3 4 9 responses were not detectable through traditional statistical means, because they only 3 5 0 occurred in a subset of participants.
The most noteworthy example was B.
3 5 1 cellulosilyticus, which appeared to bloom strongly in response to cellulose in only one 3 5 2 person. Archaeal methanogens also bloomed in responses to cellulose, but only in 3 5 3 participants in which they were present. It is possible that these two cases are one and the 3 5 4 same, i.e. that the B. cellulosilyticus OTU contains multiple strains with different 3 5 5 functional properties, and the strain capable of degrading cellulose was present only in 3 5 6 that one participant. Alternatively, it is possible that these person-specific blooms are 3 5 7
manifestations of complex microbial networks on which this species depends to exhibit 3 5 8 this phenotype. More broadly, these data offer a tantalizing glimpse into the potential for 3 5 9
personalized nutritional interventions that account for strain-level composition of a 3 6 0 patient's microbiota.
6 1
We also hypothesized that standardizing diet across participants would reduce the 3 6 2 quantitative contribution of short-term dietary fluctuations on the microbiota, a concern 3 6 3 in the design of clinical studies aiming to investigate the association between microbial 3 6 4 composition or fluctuations and disease. However, by placing all participants on a 3 6 5 standardized, liquid diet consisting of a nutritional meal-replacement, we found that the 3 6 6
diet introduced an axis of variation in the microbiota that did not appear to reach full 3 6 7 stationarity after 6 days, and was further complicated by the difficulty of adhering to a 3 6 8 liquid diet. From a practical standpoint, these data indicate that standardizing diet in a 3 6 9
clinical cohort in this manner will have limited returns in reducing noise introduced by 3 7 0 short-term dietary fluctuations, and may even introduce additional confounders.
7 1
Averaging over additional participants or multiple timepoints may be more suitable 3 7 2 means for reducing the impact of diet on other studies.
7 3
Moreover, the prescribed diet appeared to result in diet-induced stress on the participants' 3 7 4 microbiota, with a flattening of the overall fitness landscape at the level of strains, an 3 7 5 increase in the relative abundance of a large number of phages, and increases in mucinase 3 7 6 abundance in the metagenome, indicative of increased consumption of host mucin as a 3 7 7 carbon source and degradation of the mucosal layer by the microbiota. While the diet-3 7 8
induced stress is potentially confounded with stress induced from the bowel cleanse, the 3 7 9
reported changes persisted from days 3 to 6, well after bowel movements returned to 3 8 0 baseline consistency ( Fig. 3f ), indicating that the prescribed diet was a likely causative 3 8 1 factor underlying these observations. While we did not experimentally measure changes 3 8 2 to the mucosa, it is worth noting that thinning of the defensive mucosal layer is associated 3 8 3 with a number of intestinal diseases, including colon cancer and IBD [38] [39] [40] . It is likely 3 8 4
that the chemical contents of the nutritional meal-replacement we used, which consist to a 3 8 5 large extent of processed sugars easily converted to glucose, can explain these changes.
8 6
The ubiquity of this substrate likely shrinks the phenotypic differences between strains, 3 8 7
and favors fast growing organisms over the more slowly dividing host commensals, as 3 8 8
suggested by the Proteobacterial responders ( Fig. 3d ). Taken together, these data suggest 3 8 9
that clinical use of dietary supplementation or meal replacement strategies would benefit 3 9 0 from more thoughtful formulations designed with the microbiota in mind, by including a 3 9 1 higher content of dietary fibers and complex polysaccharides selected for their prebiotic 3 9 2 qualities, in order to minimize potentially detrimental effects to the host. OTUs that showed statistically significant (DESeq2, FDR < 0.1) differential abundance Lachnospiracea incertae sedis at the genus level and that were found to be differentially 4 2 8 abundant on day 3 compared to baseline. Their combined relative abundance is shown in 4 2 9 a solid line. For clarity, the denovo OTU IDs are labeled as follows: denovo6 -A; currently pregnant, planning to get pregnant in the next 60 days, or breast-feeding.
5 6
Baseline cohort data and the results of the randomization process are available in Table 1 . Upon being consented into the study, participants were first randomized to a spike-in arm 4 6 1 and were then provided with a kit consisting of materials for a bowel cleanse, sufficient 4 6 2 stool collection hats and labeled Para-Pak vials (Meridian Biosciences, Inc.) with 5ml 4 6 3
RNALater (Ambion, Inc.) for daily sampling, in addition to instructions for appropriate 4 6 4 sampling strategy, and three daily portions of their allocated spike-in. They were also 4 6 5 provided with several locations in which stool samples could be dropped off and 4 6 6 additional liquid meal-replacement could be picked up, and were instructed to collect 4 6 7 samples whenever they naturally passed stool, with at most one sample per day. Samples 4 6 8 were collected daily by study coordinators at all drop-off locations, and transported to a 4 6 9
Biosafety Level 2 laboratory at MIT, where they were processed daily in batches, and no 4 7 0 later than three days after passage. In addition, participants completed a daily 4 7 1 questionnaire to record Bristol Stool Scale and bowel movement frequency, report any 4 7 2 notable changes in health that did not relate to the study, including consuming antibiotics 4 7 3
and medication, and inform study coordinators of lapses in adherence to the standardized 4 7 4 diet, as well as document the amount of liquid meal-replacement consumed that day.
7 5
Samples obtained after any reported lapses were excluded from the analysis. 
7 9
For two days prior to beginning the study, participants were instructed to continue their Potassium, 32g total carbohydrate (<1g dietary fiber, 15g sugars, derived mostly from 4 9 8 corn maltodextrin and glucose), and 9g protein. This consists of a diet that is 4 9 9 significantly impoverished in dietary fiber, which we reasoned would improve our ability 5 0 0 to detect changes in response to prebiotic spike-ins.
0 1
Participants were also provided with three daily doses of their allocated spike-in, to be 5 0 2 consumed on days 4, 5 and 6. Spike-ins were given in pre-weighed powder form for for that particular nutrient, where available. In the absence of a RDA (e.g. inulin, pectin, 5 1 8 and cellulose), doses were set at the highest dose that the investigators determined could 5 1 9
reasonably ingested by a participant over the course of a day without experiencing 5 2 0 discomfort.
2 1
Participants were instructed to consume the standardized diet plus allocated spike-in until 5 2 2 the end of day 6. Two follow-up samples were also obtained, one on the day of resuming provided it did not also meet this threshold in the control arm. The number of 5 7 8 participants that matched these criteria in each arm was N=9 pectin, N=5 inulin, N=4 5 7 9 cellulose, N=6 in the saturated fat, N=3 unsaturated fat, N=2 protein, and N=6 control.
8 0
OTU responders to the standardized, nutritional meal-replacement background ( Fig. 1c 5 8 1 and S1) were identified using a Wilcoxon rank-sum test between the latest baseline 5 8 2 sample and day 3 (N=39), with a Benjamini/Hochberg FDR cut-off of 0.1. reads were then dereplicated using PRINSEQ 50 , for all exact matches and 5' duplicates 5 9 0 (prinseq option: -derep 2). Unique reads were then quality-trimmed with trimmomatic to 5 9 1 Q=20 51 , to a final total readcount of 1,695,900,645, or an average sequencing depth of 5 9 2 15,007,970 reads per sample, with 15 out of 113 samples having fewer than 1,000,000 5 9 3 reads. 5 9 4 5 9 5 2. Carbohydrate active enzyme annotations 5 9 6
Functional annotations for reads were obtained from the CAZY database using dbCAN 5 9 7 26 . Pre-processed metagenomics reads were converted to the 6 possible Open Reading 5 9 8
Frames using using EMBOSS Transeq 52 and aligned to the HMM profiles using 5 9 9
HMMER3.0 53 .
The profiles searched were: GH32, GH91 and CBM38 for 6 0 0 inulinases/fructanases, and CE8, CE13, PL1 and GT47 for pectinases. Only CE8 (shown 6 0 1 in Fig. 2e ) showed statistically significant differences as measured by Wilcoxon rank-6 0 2 sum tests on the relative abundances on days 3 and day 6. We also searched PL8 for 6 0 3
hyaluronate lyases (EC 4.2.2.1), also known as 'mucinases' (as shown in Fig. 3) . A 1e-3 6 0 4 E-value cutoff was used for alignments less than 80 amino acids long, and 1e-5 for longer mapped from each sample to these genes using BWA-mem 49 with the "-a" flag and a 6 1 2 conservative cut-off of 90% sequence identity, which in previous work has been shown to 6 1 3 be well under the species boundary for AMPHORA genes (Smillie, in press 2017).
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These alignments were then filtered for SNPs by removing all monomorphic sites. Next, 6 1 5 all samples with zero coverage at more than 25% of the identified SNP loci were 6 1 6 removed, and finally alignment sites with atypical coverage, defined as being greater than 6 1 7 1.5 standard deviations away from the mean coverage, were also removed. Within- 
